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The magnetic-field and temperature dependences of the Faraday rotation zngle in the cubic
crystai Cd,_ Fe,Te has been investigated theoretically and experimentally. 1t is shown that by
simultureously taking into account the spin orbit and Zeeman interactions without use of
perturbation theory the anisotropic nature of these dependences in strong magnetic fields can be
explained in a unified approach. © 1997 American Institute of Physics.
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Semimagnetic semiconductors (SMSCs) containing iron,
a magnetic component, are characterized by a number of
distinguishing features. One is the manifestation of an aniso-
tropic character of the magnetization, the anisatropy becom-
ing especially large in strong magnetic fields at liquid-helinm
temperature. As shown in Ref, 1, this in turn results in an
anisotropy of the Faraday effect in the cubic crystal
24, Fe /Te. There exist different approaches for explaining
the magnetization anisotropy in this material in strong mag-
netic fields.??

In the paper we report the resulis of an experimental and
theoretical study of the Faraday effect in Cd, _ Fe Te. Mea-
surements of the Faraday rotation angle were performed an
samples with Fe concentration x=0.03, which were preori-
ented along the [100] and [111] crystallographic axes, at
2 ratures in the range 4.2— 00 X. A ~20% anisotropy of
nperature dependence of the Verdet constant was ob-
served in strong magnetic fields up to 200 kG.

Cd; _ Fe, Te (x=<0.5) single crystals were grown by a
modified Bridgman method and the method of horizontally
directed crystallization. The composition of the solid solu-
tions was fixed by the charge of the initial components and
checked by atomic-absorption and microprobe analysis. The
composition of the samples employed was additionally
checked by observing excitonic structure in the reflection
spectra of the crystals at 4.2 K. Samples employed in the
nmagneto-optic investigations consisted of (100) and {(111)
wafers with thickness d=0.2—3.0 mm.

The TFaraday rotation angle (6r) measurements were
performed in strong magnetic fields with maximum intensity
up to 200 kOe, produced by a pulsed magnet consisting of a
copper solenoid with an inside diameter of 6 mm and a ca-
pacitor bunk with total capacitance C=2400 uF and work-
ing voltage” up to 5 kV. The experimental sample was
mounted at the center of the solenoid together with a mag-
netic test coil and a Ge sensor for monitoring the field inten-
sity H and the temperaturs, respectively. A helium optical
cryosiat and a UTREKS temperature regulation system were
used to conduct measurements in the temperature range
5-295 K.

The results of the measurements of the magnetic-field
dependence of the Faraday rotation angle for different direc-
tions of the magnetic field are presented in Fig. |. The tem-
perature dependence of the Verdet constant is shown in Fig.
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2. It was determined that the anisotropy of the angle 65 and
the Verdet constant V at low temperatures and in fields
~200 kG is approximately 20%.

To investigate this problem theoretically, we proceed
from the fact that the ground state of an isolated Fe** ion,
which possesses a 345 configuration, is the term Sp.Ina
crystal field with 7', symmetry the term splits into a 3E or-
bital doublet and a *T, orbital triplet. The Hamiltonian of the
Fe’* jon in an external magnetic field, taking into account
the spin-orbit interaction, is

H=Hy+Hop+AL-S+ upB(L+28), (1

where Hy is the Hamiltonian of the isolated atom, Hop takes
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FIG. 1. Faraday rotalion angle versus magnelic ficld in Cd, ,Fe,Te
(x=0.03) at temperature I'=35 K with photon energy £=1.459 ¢V and
different orientations of B relative to the crystallographic axes. 2, ¢ —
experimental results for [100] and [ 11] oricntations, respectively; /, 3 - -
computational results for the same orientations.
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F1G. 2. Temperature dependence of the Verdet constant V in Cd, Fe, Te
(x=0.03) in a magnetic field =135 kG und photon encrgy £ = 1.459 eV
for different orientations of B with respect to the crystullographic axes. 2,
4 — Experimental results for [100] and [111] orientations, respectively; /,
4 — computational results for the same orientations.

into account the crystal field, and X is the spin-orbit interac-
tion constant. In the upproximation” of equivalent operators,
Hep is given by

(1 3 12]

cmaloppd Rzt ey O

Her=A|5(L3 FLL)*+ 5 L7-6L; 5|
Lo=L. 450 (2)

where A is a constant characterizing the interaction of the
impurity ion Fe with its crystalline environment. The basis
functions of the orbital terms *E and 3T, have the form*

i ""::‘IO>'
wy=(1N2)(|2)+]=2));
Ty pi=|-1),
v, =(1V2)(|2)~|-2)),
yy=—|1). 3)

|

Eo(*E)+2upBn S

H=
(AS+ uyBn) U*

where Eo(*E) and Eo(’T,) are the eigenvalues of
Hep (Eo(*Ty)— Eo(PE)=A), n is a unit vector in the direc-
tion of the magnetic field, and

437 Semiconductors 31 (5), May 1997

a 50 100 150 2400
8, kG
201 b
K
i
" |

] "Zﬂ- 5
g - -
o
SRR
a e
& 6o 4 e

L 1 1
0 50 00 750 200
8, k@

FIG. 3. Magnelic field dependence of the spin-orbil levels which originales
from the orbital term & for B || [ 100} (a) und B || [1117] ().

In the absence of an external magnetic field the spin-
orbit interaction splits the orbital doublet 3E in second-order
perturbation theory into the levels I'y, 'y, T3, I's, and
I';: the energy splitting between them 6AYA is ~24
em™! (for Fe A=6A=2500cm™ ' and A=—100cm™ ). In
strong magnetic fields B=150 kG, ppB==10 cm™'. Since
the energy splittings presented are of the same order of mag-
nitude, the spin-orbit and Zeeman interactions must be taken
into account simultaneously.

In the basis (3) the Hamiltonian (1) has the form

(AS+ugBn)-U 2
Eotst)"'zﬂ.ﬂBﬂ‘S—[;\S'JI'J.IBBH)'] i (
|
U,k=(u,ka), IH":_("'ijk')‘ {5}

Substituting the explicit form of the matrix elements (5) with
respect to the basis (3) and using the spin functions
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(M;=-2,-1,0,12), we obtain a 25X25 matrix of the
Hamiltonian (4). This approach does not employ perturba-
tion theory and makes it possible to take into account the
mixing of the *E and °T, terms. The magnetic-field depen-
dence of the spin-orbit terms, which were obtained from the
orbital doublet *E, is shown in Fig. 3.

We shall calculate the Faraday rotation angle according
to Ref. 5:

_Fotd B2 (y=J)
"7 2k (E3~ED7 gug

(6)

Here J, and J, are the exchange interaction integrals for
electrons and holes with the angular momenta of the Fe ions;
Eq is the excitonic transition energy; E is the photon energy;
£y is a constant, which contains the oscillator strength of the
excitonic transition; g is the g-factor of the Fe** ion; M is
the magnelization per unit volume

d
M=xksT72 InZ, (7

x is the concentration of Fe’* ions; and Z is the partition
function, which is found with the aid of the energy spectra
obtained in a magnetic field (Fig. 3).

In Figs. 1 and 2 the computational results for the
magnetic-field and temperature dependences of the Faraday
rotation angle are compared with the experimental data. As
one can see from these curves, the experimental and theoret-
ical results are in satisfactory agreement with one another.
The Faraday rotation anisotropy is due to the characteristic
behavior of the spin-orbit levels in strong magnetic fields
(Fig. 3). The lower level "} is weakly anistropic, the mag-
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nitude of the splitting of the next level T'y is substantially
different for magnetic field orientations B || [100] and
B[ [t11], and the Ty level remains doubly degenerate with
field orientation B || [111], while in a field B || [100] it is
appreciably split.

We note that different variants of the perturbation
theory, with allowance of the mixing of the different orbital
levels and disregarding them in order to explain the anisot-
ropy of the magnetization, were used in Refs. 4, 6, and 7.
However, the energy spectrum obtained, for example, in Ref.
4, cannot be used to explain the indicated features from a
unified standpoint. Taking into account simultaneously the
spin-orbit and Zeeman interactions is therefore justifiable,
this makes it possible to give a unified description of the
Faraday rotation angle anisotropy and the characteristic fea-
tures of the low-temperature dependence of the Verdet con-
stant.
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